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ABSTRACT 


The original purpose of the experiment was the determination of 
the contribution of exchange stripping in the feed ave reaction, 
However, the absolute cross section of the i deo reaction was 
found to be so small as to discourage this, It was necessary to 
determine the angular distributions of rapa COE) (hea and ieaed ey ec 
from a natural carbon target in order to get a measure of the angular 
distribution of 0. (a pole since the eae contamination swamped the 
peak from the ahs ground state, The absolute cross sections of 
oe Cah fea and oe tesice and Edenh oe were subsequently measured 
at bombarding energies of 1 and 1.5 Mev for comparison purposes. The 


angular distribution of oe was also measured at a bombarding 


energy of 3,5 Mev for comparison with the che BOO Ts reaction, 
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INTRODUCTION 


In 1951 S. T. Butler (Bu 51) put forth his theory of the angular 
distribution of stripping reactions, From this theory experimentalists 


were given a new tool with which to probe the nucleus. The theory has 
not, however, explained satisfactorily all the experimental data avail- 
able, The research reported in this thesis is part of a program to 


obtain a measure of the contributions of perturbing effects. Comparison 
of differential cross sections and polarizations of reaction products 
from the four reactions a) fa ge Teel Ci ee ofa and 

Oe tdenlos” will give at least a qualitative measure of the relative 
contributions of the possible reaction mechanisms, 

Stripping reactions are direct reactions of the type X(a,f)Y 
where a is an incoming particle on a target nucleus X, f is an out- 
going (free particle) and Y is the product nucleus from the reaction in 
a particular state, The particle a is made up of a particle f and a 
particle c (captured). 

Direct reactions are those in which the transformation from the 
incident particle plus the target nucleus to the outgoing particle 
plus the final nucleus occurs directly. These reactions are to be 
compared with those in which the incident particle plus the target 
nucleus combine for a finite time to form a compound nucleus which 
then emits one or more of its nucleons, 

In particular there are the deuteron stripping reactions, In 
Figure 1 A refers to the mass number of the target nucleus, 

From the angular distributions of pure stripping reactions know- 
ledge can be gained about the spin and parity of the different states 


of the final nucleus providing something is known of the initial nucleus, 
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Figure 1 


If the spins of the nuclei are a and Jy and the spin of c is 
S(=1/2), then the orbital angular momentum v satisfies the following 


vector equation, 


y x c c 
or (J, + i Lye) > de > J, + 3 + Ss. min, (1) 
The relation g 

thy try (-1) (2) 


must also hold, where ay is the parity of the state of Y fed by the reac- 
tion, T, is the parity of the ground state of X and ha +1 when c is a 


proton or a neutron. 
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The shape of the angular distribution depends largely on - as can be 
seen from a simple semi-classical argument, 


The momentum carried into the nucleus is hk, = tk, - tk, by conserva= 


tion of momentum, 


ay 
ay 


> 
Ka 
Figure 2 


As can be seen from Figure 2, lk, | is a minimum when 6 = 0, 
The maximum orbital angular momentum carried into the nucleus is 
given by alk le, where ts is the stripping radius of the target nucleus, 


Thus in order for the reaction to proceed the following must be satisfied. 


> 
alk, | r 2 hk, (3) 


Without this condition it is reasonable to assume that most of the 
outgoing particles would proceed in the forward direction, Thus for 
Le = 0 the angular distribution would be peaked forward. For Le > 0 
equation 3 may not be satisfied at 6 = O and lk, would have to be 
increased. As is seen from Figure 2 lk, is increased as 6 is increased 
and thus the angular distributions of higher Le values would be expected 


to "peak" at higher values of 6. 
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If the angular distribution is measured for a particular reaction 
and the spin and parity of the initial nucleus is known, then the spin 
and parity of the final state may be determined, 

However, conditions must be ideal for the experimental data to 
fit the theory of pure stripping. There are other effects which tend 
to obscure the position of the peak, One of these is the contribution 
from compound nucleus formation in which the incident deuteron is 
captured by the target nucleus for a finite time and then particle f 
is emitted, The angular distribution from compound nucleus reactions 
would tend to be much flatter than those from stripping reactions, 


Q 
o(compound nucleus) = f AP 6%) and any sharp peaks in such an angular 
n=0 


distribution would require high values of &. An effect of compound 
nucleus formation is the presence of resonances in the differential 
cross section corresponding to levels in (X + Oe oe Another important 
contribution comes from the presence of the coulomb field which tends 


to scatter the incident deuteron as well as the emerging particle if 


it happens to be the proton, This is shown in Figure 3, 
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The incident deuteron is scattered before the reaction in the direction 
kt and the outcoming proton is scattered further after the reaction, This 
causes the peak of angular distribution to be displaced to a more back- 
ward angle and to be smeared out because of the range of impact parameters 
possible in a given reaction, 

In certain cases in which there is a loosely bound nucleon on the 
target nucleus, so-called exchange stripping reactions occur, These 
reactions are a special case of knock out reactions in which the incident 
particle knocks out a nucleon from the target and is then captured. In 
the case of exchange stripping reactions the incident deuteron interacts 
strongly at the surface with one of the nucleons. This nucleon is 
emitted and the deuteron is absorbed, 

If the exchange reaction is prominent, then the angular distribution 
shows peaks not characteristic of pure stripping. 


Semi-classically the angular distribution would exhibit maxima at 


angles for which 


(See Figure 2) 


The maxima observed are not always limited to forward directions as for 
stripping but may just as easily appear in backward directions, 


The limitations on L can be determined from 
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The intrinsic spin of the deuteron is |g = 1, Thus it can be 


al 
seen that in many cases L will be allowed more than one value whereas 
in the same reaction & would have a specific value, Thus exchange 
stripping reactions could quite likely be detected if there were maxima 
showing in the angular distribution not predicted by Butler stripping 
theory. 

Although a great deal of theoretical work has been done concerning 
stripping reactions, it is difficult to predict successfully absolute 
cross sections, However, it is useful to be able to compare ratios of 
cross sections expected from theory to those observed experimentally, 


An important factor involved in the absolute cross section is 
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For example, when finding the ratio of the absolute cross section of 
Cord mp. to o 46a, pro 5 the above factor gives rise to a 36 to l 


ratio in cross section, Essentially this arises because of the follow- 
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ing. In the case of ad CR) fr eae ig = 0 and J” = 5/2. Thus two units 


f 
of angular momentum are carried in by the captured neutron, In the 
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again by the captured neutron, However, in the second case the direction 
of the angular momentum must be chosen to just cancel the orbital angular 
momentum of the initial nucleus, 

The absolute cross section is proportional as well to the reduced 
width of the level involved. However, this involves detailed knowledge 
of the internal wave functions of the nuclei involved, The reduced 


width is defined as 


: 2 
fro» & gt) (6) 


a, 
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amd, 


Where |f (FoF oo2 305) |? is the probability density for finding the 
captured particle at r= t, of the final nucleus with 2% = hes and m* 
is the reduced mass of the nucleus and q is a number which is de- 
fined later, One would not expect values of |f£ (S55 92 52,) | from two 
similar nuclei to differ by much more than a factor of two. 


The ratio between the two cross sections is 
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The factor Crap contains all of the angular dependence, The magni- 


tude of ai tends to be larger at smaller angles with the restriction 


lk | Pots WLC, LOL Le > 0 usually causes a peak in the angular distri- 
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BUTLER STRIPPING 


Before beginning the discussion of Butler theory the conditions 
for its validity should be stated, There are three main approximations, 
the first of which is the neglect of the interaction ae between the 
initial nucleus and the particle f. The second approximation neglects 
the interaction between the neutron and proton, that constituted the 
deuteron, after one of these has penetrated into the target nucleus, 
Neglect of elastic and inelastic scattering of the incident deuteron 
is the third approximation, The three approximations should be quite 
accurate for large deuteron impact parameters such that particle f 
passes the target nucleus at some distance, 

The initial nucleus is assumed to be confined within a sphere of 
radius To Thus for Better. particle c does not interact with the 
nucleus and for Toy SRS particle c interacts strongly with the nucleus, 


The wave function describing the system for To <r, can be written 


as a Fourier expansion (Bu 57): 
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where the spin function X_ Ue) = Sif uf! 


Ue is the z-projection of the spin of particle f and the prime on Ut 


and any other symbol is meant to indicate that the quantities pertain to 


outgoing channels. 
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Mo is the z=-projection of the spin, J. of the target nucleus, M is the 
z-projection of the spin of the initial nucleus plus the captured particle 
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is the wave vector of the free particle f. € represents all coordinates 


of the particles of the initial nucleus, B(J 3» M, Uae Het M; Ke) is 
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the amplitude factor to be determined from boundary conditions, 
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f f is a plane wave describing the emission of particle f and v 


is a solution of 
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normalized such that 
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where s. bd - — ad ai * 
E. = Ey Eq Ee and m, m +m, 


is the reduced mass of particle c with respect to the initial nucleus, 
All quantities are to be considered to be in center of mass coordinates, 
For convenience of boundary matching the following expansion is made. 
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nucleus, A refers to (Lor gmt yhir) and fu it turns out, is related 
to the reduced width, 
For the region PUET EM the wave function has the form 
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The first term describes particle f and c as both being free, whereas 

the second term describes the incoming plane wave motion of the deuteron. 
' 

ro x hy (itr) is the radial wave function describing the motion of a 
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freely moving particle c with angular momentum he and energy ep 


The spherical Hankel function is defined as 
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Sg Ke is real, the particle c is considered to be captured with a 


negative energy into a bound state. The amplitude factor A is to be 


determined from the boundary conditions, 
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@ is the so-called stripping transform, 
The boundary conditions necessary for a solution are that the wave 


functions join smoothly at ie ee 1.@. 
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It can be seen that if any of the quantities in the Dirac data 
functions of Equation 7 cause the second term to be zero, then fy is 
the radial wave function describing c as a free particle, However, when 
c is captured into a particular state E, then the radial function fy 


must decrease exponentially for r > to and thus bs = 0, 
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On substitution of the values of B and f, into Equation g and A 


and fy, into Equation 12,it is found that 8 and12 are identical for 


large values of Tepe 
The theorem of Residues is used and integration carried out around 


appropriate contours containing the zeros which arise from eee being 


zero in an eigenstate Bo: The assymptotic form of the wave function is 
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and ¢ is the stripping transform, 


The sum over Le is subject to the following restrictions: 
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where r,' is the coordinate of particle f with respect to the center of 


mass of the initial nucleus, Using the Hulthen function for x which is 
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COULOMB CORRECTIONS 


For addition of coulomb effects the three wave functions are 


generalized as follows: 
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The stripping transform 
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after the angle integrations are carried out, 
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calculation is necessary. In the case of (d,p) reactions the calculations 
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A reasonable approximation of 31 for x' leks Lie 
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which greatly simplifies calculation of Equation 30, 

In general the coulomb interactions decrease the absolute cross 
section (especially for high L values) and also displace the maxima of 
the angular distributions to larger angles. However, in many cases the 
nuclear interactions,which are of an attractive nature, counteract the 
coulomb interactions and the position of the peak is moved to more 


forward angles. 
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EXPERIMENTAL ARRANGEMENT 


The source of deuterons for the (d,p) stripping reactions was an 
High Voltage Engineering horizontal 2 Mev Van de Graaff, It was found 
convenient to run at 1.0 Mev and 1.5 Mev as the accelerator tube had 
aged and could not be run at higher energies, The beam was focused 
onto the desired target through four beam defining slits. The versatile 
target pot designed by J. B, Elliott for future use with a magnetic 
spectrometer allowed for vertical and horizontal displacement of the 
target as well as angular displacement with respect to the beam, 

A solid state detector was mounted in the "exit port" of the 
target holder, It could easily be moved continuously to any angle from 
-135° to 135° and be positioned at any desired distance from the center 
of the target to a maximum of about 1-1/4", 

For some runs a second detector was fixed in position at 6 = -90° 
as a monitor while the first detector was moved from 0 to +135° measur- 
ing angular distributions, 

It was found necessary to place thin foils in front of the 
detectors to stop scattered deuterons from entering at forward angles. 
Without these foils the detectors would soon have been destroyed 
because of the high deuteron flux, 

The detectors were collimated with a piece .005" tantalum with a 
0,040"" diameter hole in the center. The solid angle of the effective 


detector surface was easily measured. 
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An alternate method of monitoring the beam was that of measuring 
the intensity of the .871 Mev y ray emitted from the first excited state 
in we A 6342 photomultiplier tube with a 2" NaI crystal was set up 
outside of the target pot. A "window" was placed on the .871 Mev y ray 
peak and counts from this peak were fed to a scaler, 

The ate cee bla angular distribution was obtained at a bombard- 
ing energy of 3,5 Mev with the High Voltage Engineering vertical 6 Mev 
Van de Graaff accelerator, The neutron energies were obtained using 
time of flight techniques, 

The deuteron beam is pulsed at the high voltage terminal in 10 
nanosecond bursts at a rate of 107 eee and is then accelerated to the 
desired energy. The analyzing magnet deflects the beam into a horizontal 
plane and the beam is then diverted by the switching magnet into the 
Mobley magnet bunching system, This bunching system consists essent- 
fally of two deflection plates and the Mobley magnet. A 10 megacycle/sec. 


r.f,. signal is phased with the pulsed beam through a pickup in the drift 


tube, and is applied to the deflection plates. 


Figure 5 
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The portion of the cycle from a to b (Figure 5) is used to sweep 
the beam burst, This consists of one 10 nanosecond interval for each 
10 cycles of the 10 megacycle signal, As is shown in Figure 6 the 
orientation of the beam burst is changed before entering the Mobley 
magnet, 

The beam undergoes a deflection of 90° in the Mobley magnet and 
is focused at point f on the target, The portion of the burst that 
takes path a has farther to go than the portion taking path b. If the 
amplitude and phasing of the r.f. deflection are properly set, then 
the tail end of the burst overtakes the leading end of the burst giving 
a 1 nanosecond, or shorter, burst of deuterons at the focus, 

With the beam properly pulsed, neutron time of flight measurements 
were carried out. A block diagram of the electronics is shown in 
Figure 7, 

The neutron monitor was set at approximately one meter from the 
target at a fixed angle of o. = 60°, The neutron peak arising from ria 
ground state was integrated for normalization, 

The liquid scintillator was set at a flight path of 6 meters and 
the spectrum from eas pale obtained in 15° intervals up to 90°, At 
a bombarding energy of 3.5 Mev the neutrons from the hae Pe de reaction 
were not detected at backward angles because the recoil of the final ad 


nucleus reduces the neutron energy below the region of reliable opera- 


tion of the spectrometer, 
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The target used in the reaction Peetasno was a thin Sid, target 
prepared by heating quartz tubing and blowing several bubbles until they 
burst. A good thin sample was selected and mounted on a nickel target 
holder which had a (1/2") diameter hole in the center, 

The natural carbon target was prepared on a thin 20 microinch 
nickel foil, The foil was placed over a 1/4" square hole cut in a piece 
of cardboard and a burning match was held under the hole, The unburned 
carbon from the match was deposited on the foil until the foil was com- 


pletely blackened, Several targets were made in this manner for the 


purpose of checking the consistency of the relative abundance of Ge and 
cls. 
17 k 
The O target was prepared at Harwell” in a mass spectrograph. 
17 


0 ions were accelerated and embedded in a 0.000025" nickel foil. This 


foil was mounted on a nickel backing with a 1/2" diameter hole in the 


1 
center, The target was quoted as being 111 Nees of 0 i 


The pi? target was a thin target prepared for earlier work by 
W. C. Olsen by use of a vacuum chamber evaporator, 

The nies used in the (d,n) reaction was a contaminant on a Be 

30 10 aL 

target as well as a Si target. The levels in B- and P” were being 
studied by W. K. Dawson and G, C. Neilson and they suggested that the 
angular distributions of ota nie Ground and ,500) be extracted from 
their data, 


The ca target was prepared at Harwell using the same method 


2 
described for ol’, The loading was quoted as 45 ugm/cm , 


*Atomic Energy Research Establishment, Harwell, Berks., England. 
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ANALYSIS OF DATA 


The reaction B °(a,p)Bt} was used for energy calibration purposes. 
This was prompted by the fact that many levels in ey appear in the 
proton spectrum and that reference could be made to W. C. Olsen's 
thesis for purposes of identifying the peaks, Since absorber foils 
were used the energy scale was non linear so that a comparison with 
other data was necessary, 

The energy loss of charged particles in aluminium is plotted 
against thickness of aluminium in Figure 8 (Wh 58 and Ri 54). The 
amount of Al foil required to stop the scattered deuterons was estimated 
from Figure 8, 

The spectrum from the reaction ie CHOY ee is shown in Figure 9, 
A PH-2-25-10 Nuclear Diodes* solid state detector was used with a stop- 
ping foll of 312 men/ cm Al. The calibration curve obtained (see 
Figure 10) was then used to define the proton groups from the art 
target (see Figures 11 and 12) when it was bombarded by 1.0 and 1,5 
Mev deuterons, 

It was found that a peak corresponding to the via ground state 


lay in the same channels as the ous ground state peak. As there was 


ALLEL PLP G GCI TCT FR ERLE LOTION TS SLI LETT SSIES SE SEE ILI ETI T CEA NLT LE IE ROLE ESE COLE AO SETI LOE, BEETLE LEE LLC LL IEE LECCE ALOE IL EEE LEE ELLE EL LLL LL LLL 


*Nuclear Diodes Inc., 1640 Old Deerfield Road, Highland Park, 
Illinois, 
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a considerable amount of carbon contamination on the oi target (see C 
ground peak in Figure 11 and 12) it was deemed necessary to find the 
angular distribution of o tacje and ich Cy (ol in order that the 
oes contamination might be subtracted from the oe peak (see Figure 13 
for proton spectrum from the natural carbon target). 

The angular distribution of Clann was measured at 1.0 Mev and 
1,5 Mev on the on target and was compared with the angular distribution 
found using the natural carbon target. The agreement between the two ang- 
ular distributions was within statistical error thus assuring that the peak 
from the natural carbon target was actually from od pol ground, The 
angular distribution of Old nic was obtained from the natural carbon and 
the ae target. The ratio of the number of counts at each angle measured in 


the co (pc angular distribution from the natural carbon target to those 
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12 13 We 
in the C “(d,p)C’” angular distribution from the 0 target was found to 
be a constant (A /A,) « Thus the number of counts at each point in the 
i3 14 
C"(d,p)C” angular distribution from the natural carbon target divided 
by A_/A_ yielded th = a 
y A,/A, yte ed the number of counts from C ~(d,p)C. on the O target, 
This allowed the contribution from ce to be subtracted from the peak 
observed as being the sum of Bb atanio. Ceveund) and 0 fh. (pvca) 
Since the number of protons emitted in the formation of 6’ (promha) 
was small as was the number from the chs contaminant, the statistical 
error of the omer eesti: angular distribution was quite large. 
* 
The reaction On) (a nibs Ceround) and of (.871) was studied at 1,0 
Mev and 1.5 Mev, There was little difficulty involved in obtaining the 


angular distributions because of the relatively high cross section (see 


Figure 14), The width of the peaks is due to the thickness of the Sid, 
target. 
16 a7 

The results for 0 (d,n)F (ground and .500) were obtained at a bom- 
barding energy of 3.5 Mev. The relative efficiency of the neutron detector 
(see Figure 15) was calculated by W, K, Dawson and G. C. Neilson by using 
the results of Goldberg, Anderson, Stoering and Wong (Go 61) with the 
reaction {(p,n)He™ at a bombarding energy of 3.4 Mev. This was done 
for rough calibration purposes and was considered adequate for roughly 

17 
determining the angular distribution of 01 (a n)F ° 
16 17 17* 

The background rate for the 0 (d,n)F (ground and F (.500) was 
estimated by visual inspection of the total spectrum at each angle from 
the bee target as well as the Et he target (see Figures 16 and 17). 

The thickness of the natural carbon target was measured simply 


by weighing the carbon, The target holder plus the carbon was weighed 
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RELATIVE EFFICIENCY OF NEUTRON DETECTOR 


Figure 15, 
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NEUTRON ENERGY MEV 


The Relative Efficiency of the Neutron Detector as Obtained 
Experimentally from the Reaction T(p,n)He3 (Go 61), 
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Figure 16, Neutron Time of Flight Spectrum at 6y = 30° from the Be” 


Target Bombarded with 3.5 Mev 


(.500) and F17 (ground) and other 


The two peaks of interest are labelled F!?7 


peaks are from the reaction Be%(d,n)B10, 
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ey 
and then the target holder itself was weighed, There was an intermediate 
step in which half of the carbon was removed before weighing the backing 
for the purpose of making a rough check on the uniformity of the target. 
It was found that each half of the target weighed the same, This, of 
course, was insufficient evidence for uniformity but was at least con- 
sistent with that expected from a uniform layer of carbon. 

The thickness of the SiO, target was measured with a Michelson 


2 


Interferometer, The Si, target, which is transparent, was placed in 


position as shown in Figure 18, 
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Figure 18, Michelson Interferometer for Measuring Si0, Target Thickness 
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The target was rotated by a known amount and the number of wave 
length shifts were counted, This procedure was repeated for different 
locations on the target to check for uniformity. With the data obtained 
from the Michelson Interferometer, the target thickness was calculated 
(see Appendix). 

The solid angle of the effective area of the detector with respect 
to the beam spot on the target was measured for each target used, Thus, 
with the additional knowledge of target thicknesses and beam currents, 
the absolute cross sections were calculated. 

The results obtained for get CO at bombarding energies of 
1,0 and 1.5 Mev are shown in Figure 19, The error in the relative 
height of points in the angular distribution was estimated to be about 
5% because of the normalization to target current, The absolute cross 
section is estimated to have errors of about 20%. Most of these arose 
from the method of measuring target thickness, which was 330 ianiheme 
of natural carbon, 

The reaction raat Cet tea has been studied extensively in the 
range of energies 0.8 to 2.0 Mev by Kashy, Perry and Risser (Ka 59), 

The absolute cross sections were obtained by normalization to the 
Rutherford cross section of deuteros scattered by a. 

The differential stripping cross section in the energy range 0,8 
to 2.0 Mev exhibited several strong resonances corresponding to compound 
nucleus formation of levels in axe The angular distribution and absolute 


cross section was also determined by Kashy et_al at deuteron energies 


of 0,92, 1.19, 1.31, 1.62 and 1.76 Mev. 
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Ey = 1.5 MEV 


5 * 6.2*, £Z= | 
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Angular Distribution of Protons Leading to the 


Ground State of cl3, The smooth curves are the predictions 


of Butler stripping theory. 
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The results obtained at bombarding energies of 1.0 and 1.5 Mev 
agree quite well with those of Kashy et al, The extremely poor fit 
of Butler stripping theory to mete, oyteuw can be accounted for because 
of the presence of a compound nucleus formation, 

The angular distribution and absolute cross section of the 
reaction Ce(den)csd(ground) were obtained from the natural carbon 
target (see Figure 20), The abundance of o is 98.892 so that the 
amount of GE on the target was only 3.7 tenon Thus the number of 
counts in the Grereround) peak was quite small compared with those in 
the 4 (grouna) peak, However, fairly good results were obtained as 
can be seen from the error bars in Figure 20. 

In addition to the statistical errors there is a 20% uncertainty 
in the absolute cross section, as was the case for orate pues 

V. K. Deshpande (De 63) has studied the reaction mechanism of 
co? afiyne* and caw? at energies between 3.2 and 4.1 Mev. In 
this energy range Butler stripping curves fit the angular distribution 
of eaten. Sica quite well, This is not the case for energies of 1.0 
and 1,5 Mev. However, the coulomb barrier for carbon is about 3 Mev 
and Butler stripping theory is not expected to be valid for bombarding 
energies below this. The broadening of the peaks in Figure 20 could 
possibly be due to the coulomb barrier alone, although further study 
is required before any such statement can be validated. 

The absolute cross section at the peak calculated by Deshpande 


was about 4 millibarns per steradian and the cross section at 1.0 and 
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c}3(d,p)c!* Angular Distribution of Protons Leading 
to Ground State of C!3, The smooth curves are the 
theoretical fits from Butler stripping theory. 


Figure 20. 
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1,5 Mev was 6 and 5 millibarns per steradian respectively. This may 
indicate that there is very little compound nucleus formation involved 
in the reaction, However, further measurements of the differential 
cross section in the energy range between 1 and 3,2 Mev are required 
to determine this, 

The absolute cross sections and angular distributions of real ¢-becp sks 
(ground) and Ted Chen ohn Geen are shown in Figures 21 and 22, The 
angular distributions were normalized to the .871 Mev y rays emitted 
from or 401871) and then an average current was determined, A check 
at each angle by comparison with .871 Mev rays showed less than 52 
fluctuation in effects of the target thickness and current measurement, 

The method of normalization gave rise to a very smooth curve for 
the angular distribution of Ge (devo. en7 1) but introduced errors in 
the angular distribution of Ortd nyo teround), The fluctuations 
seen in Figure 21 for o-Wd-5)0-" (ground) are quite likely due to the 


slowing down of deuterons in the SiO, target. It has been (Gr 56) 


2 
determined by J, C. Grosskreutz that resonances occur in the differ- 
ential cross sections of Deacden)0s (ereund) and (.,871) and that the 
cross section 62° Caua)o (5871) is rising more rapidly at 1,0 Mev and 

1,5 Mev than GeoteOMe(eround) Thus the (d,p) cross section for 
deuterons slowed in the target would be reduced by a different amount 

for O° °(d.p)0 Cerounal than O (dae (871). The thickness of the 
Sid, target was 546 ugms fem? within 10% error and thus the absolute cross 


section is about 15% in error. 
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0°94 pot! Angular Distribution of Protons Leading to the 
Ground State of 017, The smooth curves are the predictions 


of Butler stripping theory. 


Figure 21. 
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Figure 22, ad Cp Teta Angular Distribution of Protons Leading to the 
First Excited State of 0*’,. The smooth curves are the fits 


from Butler stripping theory. 
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J. C. Grosskreutz studied the Go td ep. (eroucd and .871) 
reactions at bombarding energies between 1,05 and 2.51 Mev. Grosskreutz 
measured the absolute cross sections as well as the angular distributions 
at bombarding energies of 1,05, 1.35, 1.60,°1.76, 2.01, 2.26 and 2,51 
Mev. Two resonances were observed in this energy range, one at 
about 1,6 Mev and the other at about 2,4 Mev for both Deela oj0> fercunt 
and ,871)., 

The existence of the resonances in the differential cross section 
along with the flat shapes of the angular distributions indicates that 
compound nucleus formation contributes strongly to the reaction, 

The angular distributions and absolute cross sections shown in 
Figure 21 and 22 agree very well with the results of Grosskreutz, 

The angular distributions of Gd n)F? (evound and .5 Mev) with 
Ey = 3,5 Mev are shown in Figure 23, Most of the error involved is 
in estimating background, which introduces an estimated 5% uncertainty. 
Butler theory fits the med ground state angular distribution only 
approximately. In this case with the negative Q value the theoretical 
curve is quite flat whereas the experimental curve is strongly peaked, 
thus demonstrating that the Butler theory does not necessarily apply at 
bombarding energies above the coulomb barrier, 

B. Yaramis (Ya 61) has measured the absolute cross sections and 
angular distributions of Qn Canny Caer roar and 0.5) at a bombarding 
energy of 5.02 Mev. The shapes of the angular distribution were similar 


to those in Figure 23, The absolute cross sections determined by Yaramis 
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Figure 23, O-'Cd njFe Angular Distribution of Neutrons Leading to the 
Ground and First Excited State of F17, The smooth curves 
are the theoretical fits from Butler stripping theory. 
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at the peaks were 27 and 138 millibarns per steradian for neutrons from 
the ground state and ,.500 state of ee respectively with Ea = 5,02 Mev, 
A good fit of Butler theory to the angular distribution of or anyEy (5) 
was found with ts 420 fermi, The fit to etd ne tavounds was similar 
to the fit shown in Figure 23, 

The angular distribution of Ork(dko)on” was very difficult to 
obtain, It was found that the absolute cross section was extremely low 
and to make matters worse there was enough or contamination on the 


target to account for the majority of the counts in the combined pene 


and Gee (dip)Gae peak, The delicate 25 uy inch foil in which the oh! was 
imbedded was mounted on another 20 uw inch foil which was already mounted 
on a heavy Ni backing. Thus oe was present on the back and front of 
each foil. Any structure in the peak was, therefore, almost meaningless 
in defining the Odette sound) peak, 

The angular distribution of the Goalie reaction was extracted 
from the spectra from the oF target. From the knowledge of the absolute 
cross of OG atdepioss and EP etdenl oe the amount of cs on the aad target 
was determined, After all of these calculations were done the result 
was as shown in Figure 24, The points shown in Figure 24 have large 
errors which arise from statistical error only. The main source of 
statistical error is from the uncertainty of the amount of >. present, 

The reason that no points are plotted at large angles is that the 
statistical error involved was almost 100% because of the low count rate, 


There were indications, however, that if a backward maximum exists, it 


is much smaller than the forward maximum, 
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Figure 24, o*ta,p)o-" Angular Distributions of Protons Leading to the 
Ground State of 018, The smooth curves are the theoretical 
fits from Butler stripping theory, 
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It is quite surprising that Butler stripping theory gives a good 
fit to the angular distribution at 1,0 and 1.5 Mev when one considers 
that the errors involved are quite large and that the coulomb barrier 
is about 3,8 Mev. 

The absolute cross section was calculated assuming that the 
amount of ie was 111 en ons It is quite unlikely that there were 
more than 111 Woy present on the target, so that the absolute cross 
sections shown in Figure 24 should indicate a lower limit, 

Ahnlund (Ah 54) bombarded an oxygen target of 1% enrichment of 
ee at an energy of 0.855 Mev with e = 61° and 134,7°. The oxygen 
was collected on a 0,28 afer gold foil. Peaks corresponding to the 
ground and first excited state of oe were observed to be very weak, 
The peak corresponding to the Otte round) state was much more prominent 
than the f iteround) state peak, The resolution of the magnetic 
spectrometer used was good enough to allow separation of the two peaks, 

Bilaniuk and Hough (Bi 57) obtained the angular distribution of 
DeetdepyOeetsround)and 1,99 and 3.55 levels with EG = 7,772 Mev. They 
also found the absolute cross section to be very small although no 
numerical estimate was made, 

Butler curves gave good fits to all three levels with Le = 2 
for the ground state, Le = 0 and Le = 2 for the 1.99 Mev level and 
Le = 2 for the 3.55 Mev level, 


Deshpande studied Ge tae and fd piCo. and (De 63) found 


a secondary maximum at about ae = 80° in the angular distribution of 
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Catan nes This peak does not occur in the od pe? angular distri- 
bution and is thought to correspond to the a = 3 peak allowed by 
exchange stripping, the primary peak in each case being he = 1, 

There is a great deal of similarity between e and oe in that 
the last neutron in each case is probably in a single particle state 
moving around the more stable configuration of 6n and 6p in one case 
and 8n and 8p in the other. This is what prompted the study of the 
reaction mechanism of g  bidenires and Sian 0en 

It has been determined that the absolute cross section of 
yeh em is extremely small, Thus it would be expected that the 
absolute cross section Gadde would also be small, This will, of 
course, hinder experimentalists from gaining knowledge about the reaction 
mechanisms involved in We (Goayr--. Any detailed study of the angular 
distribution Baitdenye Ceround) and Do due teround) would be very 
time consuming. However, if there is an appreciable amount of exchange 
stripping involved in the saa Eero tice reaction, another peak would 
appear in the angular distribution corresponding to 2 = 4, The angular 
distribution obtained from O*! (dp) (ground) indicates that the 
reaction is direct and thus comparison of mel Ca) sa and Oo taaoo 
would be simplified, 

Butler theory has not been successful in predicting absolute cross 
sections, However, it is of interest to determine the ratio of absolute 


cross sections of two closely related levels, 
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The ratio of two cross sections is (Lu 57): 
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| £| 2 can be obtained from Lubitz tables for single particle states only, 
| ¢| 2 would not be expected to affect the value of the ratio of two cross 
sections by more than a factor of about four. The ratios of absolute 


cross sections (neglecting |£|*) are shown in the Table below, 
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The experimental ratio is larger in all four cases than the theoret- 
ical ratio and this is possibly due to the compound nucleus formation 
in C(d oc and ee ine which is not accounted for by Butler theory, 
There is evidence of very little compound nucleus formation in the 
etd pyc reaction and it is unlikely that compound nucleus formation 
contributes much to the One Ga, pyar” cross section since Butler theory 


fits the angular distributions well, 
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APPENDIX 


= index of 
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—_—_————-——> Direction of light for > = 6 
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cos r = t/x 
cos ce -~r) = 2/x 
Yea (t= 2 
z = x(cos oo cos r + sin 6 sin r) 
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sin“¢ ’ sin 4 
a c Lee Oo 6F 
y x(cos 6 / sin on ~ oO 
n2 
cos $ : ee sin2¢ 
=t-x Yyn2 = sin? ~ 
y = sin ee 5 


The optical path through the quartz = nx, 
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Therefore, the change in the optical path 
Ape nx Fy nt 


n2t nt 


wg 2 Jatsainth. 
n -sin ee n‘“-sin ie 


=t (Yn?="sin?¢ - + 1 =- cos a - n) 
Since the light traverses the quartz twice in the Michelson Interferometer, 


A a N/2) 


Yn2 - sin2 ootl - cos a -n Yn2 — sin an + 1 = cos iA n 


t = 


where N is the number of shifts for ¢ = 0 to re and 4 = 5893 angstroms 


for Na D, 
The formula for t with ¢ = >, and > = $2 where N) and No are 


known is 
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